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0 Solid-state sensor for determining the concentration of a gas with a solid-state reference 
electrode. 



@ A sensor in completely solid state for determin- 
ing the concentration of a gas. in particular of hy- 
drogen, is disclosed, which is essentially constituted 
by electrodes separated by a protonic conductor in 
the solid state, in which the solid-state reference 
electrode is constituted by a metal hydride, or a 
metal-alloy hydride. 
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SOLID-STATE SENSOR FOR DETERMINING THE CONCENTRATION OF A GAS WITH A SOLID-STATE 

REFERENCE ELECTRODE 



The present invention relates to a sensor in 
completely solid state for determining the con- 
centration of a gas, in particular of hydrogen. 

In many processes deserving interest at a 
commercial level, not only the presence of deter- 
mined gases should be detected, but it is Important 
as well to have available a simple method, which 
makes it possible such gases to be continuously 
and quantitatively monitored in the atmosphere or 
in the reaction environment. 

Some examples relevant to the detection of 
hycrogen are: 

- !n case hydrogen leaks occur in closed rooms, 
such leaks should be quickly detected, in order to 
prevent any explosion risks. 

- Many metals and their alloys (for example, steels, 
titanium, zirconium, and so forth) react with hy- 
drogen to yield hydrides, with their mechanical 
characteristics being consequently impaired. 

- In many corrosion phenomena, hydrogen is gen- 
erated: therefore, the presence of hydrogen can be 
indicative of the fact that a corrosion process is 
taking place (this is useful in particular in order to 
check parts which are not easily accessible in case 
of a direct inspection). 

- The continuous monitoring of hydrogen in reac- 
tions producing or consuming such a gas can be 
useful in order to control the same reactions for the 
best. 

Prior to 1980, hydrogen was essentially de- 
tected by means of polarographic techniques, as 
disclosed by K. Barthlett. J.V. Dobson, E, Easth- 
man in Chimica Acta 108, 189 (1980). but in the 
past years a strong trend arose in the art, to 
replace such a method with simpler and less cum- 
bersome electrochemical devices, such as sensors 
based on solid-state electrolytes. 

In case of hydrogen, such sensors use a 
prctonic-conduction solid, which separates two 
compartments containing different hydrogen partial 
pressures. 

At the platinum electrodes, installed on both 
m.utuaily opposite faces of the protonic conductor, 
an e.m.f. is generated, the value of which is given 
by the Nernst equation. 

For not very high pressures, such an equation 
can be written as follows: 

E = RT/nF In PH2/PH2<ref) (1) 

wherein: 

R is the constant of gases (8.34 J.gmol~^K*^). 
F is the Faraday constant (96.500 Coulombs). 
T is the absolute temperature as degrees Kelvin 
and 

n is the number of electrons involved in the pro- 



cess. 

In the specific case of hydrogen, n Is 2 (In that 
the process is: 
H2 5=:2H* + 2e). 
5 Going to decimal logarithms, we have, at 

25 *C: 

E = 0.0296 log PH2/PH2(ref) (2) 

If the reference partial pressure is known, the 
unknown Ph2 pressure can be obtained from a 

w potentiometric measurement of E. 

To date, various inorganic solid substances are 
known, which are endowed with a relatively high 
protonic conductivity at room temperature, such as. 
e.g: uranyl hydrogen phosphate, antimonic acid. 

75 phosphomolybdic acid, zirconium hydrogen phos- 
phate and dizirconium triphosphate in hydrogen 
form. 

All these protonic conductors are therefore en- 
dowed with applicative potentialities in hydrogen 

20 sensors. Also some organic polymers, such as 
Nafion in hydrogen form, can be used as protonic 
conductors, such as described by J. Jensen in 
"Solid State Protonic Conductors for Fuel Cells and 
Sensors" (page 1. Editors: Godehough J.B. Jen- 

25 sen, Poitier A., Odense University Press. 1985). 

Some of such solids have actually given rather . 
good results in the manufacturing of sensors for 
hydrogen gas (see, e.g.. Miura N., Kato N. 
Yamatoe and Jeiyama T.. Proc. Int. Meet. Chem. 

30 Sensors, Fukuoka. page 233, 1983). 

A further simplification is obtained in the sen- 
sor if a reference electrode in the solid state Is 
used, thus a completely solid-state sensor being 
accomplished. 

35 When a solid-state reference is used, the equa- 

tion (2) can be advantageously written as: 
E = constant - 0.0298 log Ph2 
wherein the value of the constant depends on the 
reference electrode used. 

40 For example, a reference in the solid state 

reported in the relevant technical literature is con- 
stituted by a silver foil. 

The present Applicant has found that, in the 
presence of high hydrogen partial pressures, a total 

45 reduction of Ag in the protonic conductor may 
take place. The present Applicant has found that 
such a drawback can be prevented from occurring 
by using, contrarily to as reported in the technical 
literature by Lyon S.B. and Fray J.D. (Solid-State 

50 Ionics, 9-10. 1295/1983), electrodes which consist 
of hydrides of a metal or of hydrides of a metal 
alloy placed into contact with the protonic conduc- 
tor, such as. e.g., interstitial titanium hydride (TiHx) 
or interstitial zirconium hydride (ZrHx): 



2 



3 



EP 0 330 249 A2 



4 



The solid-state sensor tor determtning the con- 
centration of a gas, in particular of hydrogen, which 
is the object of the present invention, is essentially 
constituted by electrodes separated by a solid- 
state protonic conductor, wherein the solid-state 
reference electode is constituted by a metal 
hydride selected from the group consisting of 
titanium and zirconium hydrides. 

Those gases can be determined, which are 
capable of altering the electrochemical potential of 
protons at the interface between the protonic con- 
ductor and the monitored gas. 

As the protonic conductor, those known from 
the technical literature, such as, e.g., uranyl hy- 
drogen phosphate, antimonic acid, phosphomolyb- 
dic acid, zirconium hydrogen phosphate and dizir- 
conlum triphosphate in hydrogen form, can be 
used. 

Zirconium phosphate can preferably be in film 
form, or in a membrane form- 
In the European Palent N, 94919 a process is 
disclosed for obtaining colloidal dispersions of zir- 
conium phosphate, by means of which either coat- 
ing various solids with a thin and compact film of 
such a protonic conductor; or obtaining zirconium 
phosphate in the form of very thin membranes, 
results possible. 

A small amount of the aqueous dispersion of 
colloidal zirconium phosphate can be directly strati- 
fied on the reference electrode. After the evapora- 
tion of water, the electrode is thus coated by an 
adhering, thin and compact film of zirconium phos- 
phate. The sensor can be subsequently finished by 
depositing on said film, by sputtering, a thin plati- 
num layer. By such a route, a total sensor thick- 
ness lower than 1 mm can be obtained. By having 
available a suitable technology, such a method is 
particularly well suited for accomplishing microsen- 
sors for hydrogen gas in completely solid state. 

As the catalysing electrodes, those known from 
the technical literature can be used; among them, 
platinum and palladium may be cited for exemplify- 
ing purposes. 

The preparation of the titanium hydride or zir- 
conium hydride reference electrode can be carried 
out, e.g., by heating a thin sheet of titanium or 
zirconium (of from 0.25 mm to 1 mm of thickness) 
at a temperature comprised within the range of 
from 400 to 700* C, for a time comprised within the 
range of from 2 to 10 hours, in the presence of 
hydrogen gas. 

The preparation of a sensor in completely solid 
state for hydrogen gas, with a solid-state titanium- 
hydride or zirconium-hydride reference electrode, 
and a protonic conductor constituted by zirconium 
hydrogen phopshate in film form, or In membrane 
form, can be carried out, for example, by means of 
the following operating steps: 



a) the titanium-hydride or zirconium-hydride 
reference electrode is prepared; 

b) the aqueous dispersion of colloidal zirco- 
nium phosphate is prepared; 

5 c) the reference electrode is coated with 

zirconium phosphate in film form (or with a pre- 
formed membrane of zirconium phosphate); 

d) on the free face of the zirconium phos- 
phate in film form (or of the pre-formed zirconium 

10 phosphate membrane) a thin layer of platinum (or 
of palladium) is deposited. 



75 a) Preparation of the Titanium-Hydride or 
zirconium-Hydride Reference Electrodes 

Said preparation has already been disclosed in 
the foregoing pages. 

20 

b) Preparation of the Dispersion of Colloidal Zirco- 
nfum Phosphate" 

25 Zirconium hydrogen phosphate monohydrate, 

having a layer structure of ;a type, joe -Zr(HP04-)- 
2.H2O (preferably prepared by means of the meth- 
od of precipitation in the presence of hydrofluoric 
acid, as described by Albert! G. and Torraca E. in 

30 J. Inorg. NUCI. Chem., 30, 317 (1969), was inter- 
calated up to 50% of its total capacity with propyl- 
amine. With strong stirring, in such a way a col- 
loidal dispersion of lamellar particles of zirconium 
phosphate in propylammonium form can be ob- 

35 tained. Dispersions containing 1 gram of zirconium 
phosphate in 200 ml of water do not appreciably 
settle, and therefore can be easily maintained at 
room temperature for long time periods (even for 
some months) after being prepared. In order to 

40 obtain again zirconium phosphate In hydrogen 
form, a mineral acid should be added (generally 
0.1 M HCl, in an amount of 25 ml per each 100 ml 
of dispersion). At the end of the addition, carried 
out with strong stirring, zirconium phosphate still 

45 remains in the dispersed state. However, such dis- 
persions tend to settle, even if slowly, and can be 
easily separated from the solution (e.g., by means 
of centrifugation at 2.000 revolutions per minute). 
Zirconium phosphate is then dispersed again In 

50 distilled water, and the treatment with HCl is re- 
peated, until propyl-ammonium chloride is com- 
pletely removed. 

55 c) Coating of the Titanium-Hydride or Zirconium- 
Hydride Reference Electrode with Zirconium Phos- 
phate - Coating with Zirconium Phosphate in Film 
Form 
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A suspension of colloidal zirconium phosphate 
in hydrogen form, prepared according to as dis- 
closed under (b), is evenly sprayed (e.g., by means 
of a sprayer device for use in chromatography) 
onto a sheet of titanium hydride or zirconium 
hydride. After drying in air, the sheet results to be 
coated with an adhering and compact film of zirco- 
nium phosphate. According to an alternative route, 
a slab of the material to be coated, is placed on the 
bottom of a Petri dish having a diameter slightly 
larger than said slab. Above the slab a layer of a 
few mlllimiters of colloidal suspension of zirconium 
phosphate is deposited. After water evaporation, 
the slab remains coated with an adhering film of 
zirconium phosphate. 

For the preparation of single, small-size electrodes, 
on the slabs of the reference material a drop of 
suspension is deposited and is allowed to dry. This 
treatment can be repeated a plurality of times, until 
a film having the desired thickness is obtained. 



lowed to dry. 

The sensors according to the present invention 
can be schematized as shown in Figure 1. 

In Figure 1, by the following reference nu- 
5 merafs the following elements are indicated: 

1 . the protonic conductor in the solid state; 

2. the catalysing electrode; 

3. the reference electrode in the solid state; 

4. the instrument for e.m.f. measurement; 

10 5. the compartment inside which the hy- 

drogen to be determined is contained. 

Some examples are given now, which have the 
purpose of better illustrating the present invention, 
75 it being understood that the same invention should 
not be regarded as being limited by them or to 
them. 



20 Example 1 



- Coating with a Previously Prepared Membrane of 
Zirconium Phosphate 

The dispersion of zirconium phosphate in dis- 
tilled water is slowly filtered through a flat filter of a 
porous plastic material, in its turn placed above a 
paper filter. After the end of the filtration the filter, 
bearing the zirconium phosphate stratified on it. Is 
dried. After such a drying, from the filter the depos- 
ited zirconium phosphate can be easily separated 
as a compact membrane, endowed with a certain 
flexibility; the thickness of said membrane is a 
function of the amount of suspension used, of the 
concentration of suspended solids in it, and of the 
surface area of the filter. 

d) Deposifon of a Platinum Layer on Zirconium 
Phosphate 

A good method used by the present Applicant 
in order to obtain an active enough platinum sur- 
face consists in carrying out a Pt sputtering directly 
on the film layer, or on the membrane of zirconium 
hydrogen phosphate. By using a Balzers Union 
(SCD040) device, the conditions most frequently 
used by the present Applicant are: electrical cur- 
rent intensity 15 mA; argon pressure 0.05-0.1 
mbar; sputtering time 10-20 minutes. 
Another method used by the present Applicant 
consists in adding platinum black to a colloidal 
dispersion of zirconium phosphate (10-20 parts of 
platinum black per each part of zirconium phos- 
phate). Platinum black is emulsified by stirring. A 
few droplets of such an emulsion is deposited on 
the membrane of zirconium phosphate, and Is al- 



A sensor constituted by: titanium 
hydride/membrane of zirconium hydrogen 

25 phosphate/Pt (by sputtering) (thin sheet of Ti hav- 
ing a thickness of 0.025 mm, treated with hydrogen 
for 4 hours at 500* C) was used in order to detect 
the hydrogen content of N2/H2 mixtures. By using 
N2/H2 mixtures of known composition, a calibration 

30 curve was obtained. Such a curve, at room tem- 
perature, is reported in Figure 2. 



Example 2 

35 

The sensor of Example 1 was used in order to 
generate the calibration curve of hydrogen In air. 
Such a curve, at room temperature, is reported in 
40 Rgure 3. 



Example 3 

45 

A sensor constituted by: titanium 
hydride/zirconium hydrogen phosphate in film 
form/Pt (by sputtering) was used in order to detect 
hydrogen in mixture with air. at room temperature, 
50 The relevant calibration curve is shown in Figure 4. 



Example 4 

55 

A sensor constituted by: zirconium 
hydride/membrane of zirconium hydrogen 
phosphate/Pt (by sputtering) (thin sheet of Zr of 
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0.25 mm of thickness, treated with hydrogen for 8 
hours at 500 *C) was used in order to determine 
hydrogen in the presence of air. at room tempera- 
ture. 

The relevant caiibration curve is shown in Fig- 
ure 5. 



Example 5 



A sensor according to Example 4 was used in 
order to determine hydrogen, in the presence of 
air, at lOO'C. The relevant caiibration curve is 
shown in Figure 6. 

Example 6 



A sensor according to Example 1 was used in 
order to determine hydrogen, in the presence of 
air, at 200 ' C. The relevant calibration curve is 
shown in Figure 7. 

Example 7 



A sensor according to Example 1 was used in 
order to investigate into the interference by carbon 
monoxide in air at room temperature. It was found 
that high CO partial pressures, equal to 10"^ atm. 
give a slight interference corresponding to a Hz 
pressure lower than 5.10""^ atm. 



Example 8 



A reference electrode constituted by TiHx - 
(prepared at 650 *C under a hydrogen stream for 
from 3 to 4 hours, and then quickly cooled) was 
placed into contact with a polymeric organic ion- 
exchange membrane lONAC MC 3235 (of 0.25 mm 
of thickness), which was previously converted into 
the H form by means of elution of the Na* ion 
with HCl. The free face of said membrane was 
coated, by means of a sputtering carried out under 
the same conditions as of the preceding examples, 
with a thin platinum layer. 

Tests carried out at room temperature with 
N2/H2 mixtures {Figure 8) showed that the e.m.f. of 
the sensor, in accordance with the Nernst equation, 
is a linear function of the logarithm of hydrogen 
partial pressure (28 mV per logarithmic unit). 

The speed of response of such a sensor is of 
the order of 10 seconds. 



Example 9 



A sensor at all similar to the sensor disclosed 
5 in the preceding example was prepared by using a 
commercial NAFION membrane, as the protonic 
conductor, in H form (thickness 0.1 mm). Very 
good results, at all similar to those as already 
reported for the polymeric membrane of the pre- 
10 ceding example, were obtained. 

One should anyway observe that the NAFION 
membranes resulted to be extremely sensitive to 
even partial dehydrations, so that special precua- 
tions have to be taken in order to keep said mem- 
75 branes constantly damp during the course of the 
measurement. 

• • • In the herein described tests, the gas mixtures 
under investigation were saturated with water 
(relative humidity ^ 90%) before being fed to the 
20 sensor. 



Claims 

25 1. Soiid-state sensor for determining the con- 

centration of a gas, in particular of hydrogen, which 
is essentially constituted by electrodes separated 
by a solid-state protonic conductor, wherein the 
solid-state reference electrode is constituted by a 

30 metal hydride, or a metal-alloy hydride. 

2. Sensor according to claim 1. wherein the 
reference electrode is constituted by zirconium 
hydride. 

3. Sensor according to claim 1, wherein the 
35 reference electrode is constituted by titanium 

hydride. 

4. Sensor according to claim 1, wherein the 
soiid-state protonic conductor is zirconium hydro- 
gen phosphate. 

40 5. Sensor according to claim 4, wherein zirco- 

nium hydrogen phosphate is in film form. 

6. Sensor according to claim 4, wherein zirco- 
nium hydrogen phosphate is in membrane form. 

7. Sensor according to claim 5 or 6, wherein 
45 the zirconium hydrogen phosphate in film form, or 

the membrane of zirconium hydrogen phosphate is 
obtained from colloidal dispersions of zirconium 
phosphate having a layer structure of ja -type. 

50 



55 



EP 0 330 249 A2 




EP 0 330 249 A2 



-400- 




H — i 1 1 1— I i — 1 — 1 — I — I 1 — I — I 1 — I 1 — I — I 1 1 1- 

-2 -3 -4 -5 -6 

log PH2 (atm) 



EP 0 330 249 A2 




EP 0 330 249 A2 




0 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 330 249 

A3 



EUROPEAN PATENT APPLICATION 



© Application number: 89200215.5 


® Int. CI.5: G01N 27/56 


uate OT tiling: ui.u2.o9 




® Priority: 22.02.88 IT 1947788 


® Applicant: ENIRICERCHE S.p.A. 




Corso Venezia 16 


@ Date of publication of application: 


1-20121 Milan{IT) 


30.08.89 Bulletin 89/35 




® Designated Contracting States: 


@ Inventor: Alberti, Giuiio 


Via Ruggero Torelli 67 


AT BE CH DE ES FR GB GR IT LI LU NL SE 


1-06100 Perugia(IT) 




Inventor: Palombari, Roberto 


@ Date of deferred publication of the search report: 


Strada Bagnoli Giovo 1 


05.12.90 Bulletin 90/49 


1-06100 Perugia(lT) 




® Representative: Roggero, Sergio et a! 




Ing. Barzano & Zanardo Miiano S.p.A. Via 




Borgonuovo 10 




1-20121 Milano(IT) 



® Solid-state sensor for determining the concentration of a gas with a solid-state reference 
electrode. 



@ A sensor in completely solid state for determin- 
ing the concentration of a gas, in particular of hy- 
drogen, is disclosed, which is essentially constituted 
by electrodes separated by a protonic conductor In 



Zi9l 



the solid state, in which the solid-state reference 
electrode is constituted by a metal hydride, or a 
metal-alloy hydride. 
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